Using a model tunnel manganese oxide with the todorokite crystal structure (T-MnO 2 ), we demonstrate that controlling the morphology of the active material can improve the cycling stability of intercalation battery electrodes. The T-MnO 2 structure is built from tunnels that provide spacious 1D diffusion channels for charge-carrying ions. Taking advantage of the unique ability to synthesize TMnO 2 in the form of both highly crystalline two-dimensional (2D) nanoplatelets and one-dimensional (1D) nanowires through a facile hydrothermal growth method, we investigated the effect of nanoscale particle dimensions on reversible battery cycling. Insertion of ions into the tunnels results in anisotropic expansion of the structure, making T-MnO 2 with different morphologies an excellent model platform to understand how intercalation-induced volume change, typically leading to the deterioration of the electrode performance over extended cycling, can be controlled through synthesis of targeted morphologies. T-MnO 2 nanowires showed not only significantly improved capacity retention but also substantially higher specific capacity than the T-MnO 2 nanoplatelets. The enhanced electrochemical properties of the nanowire electrodes could be attributed to the larger surface-to-volume ratio than that of nanoplatelets, resulting in higher contact area with electrolyte for the nanowires. Moreover, due to the smaller cross-sectional area of the nanowires, volume expansion and contraction perpendicular to the structural tunnels induced by reversible ion intercalation occurs in a more facile fashion. This work shows that chemically controlling morphology and producing particles with nanostructure dimensionality replicating that of atomic structure (i.e., 1D morphology and 1D structure) makes it possible to enhance material performance.
Introduction
The search for the new electrode materials that would enable longer-lasting batteries is continuously ongoing. At the same time, the library of already existing intercalation electrodes is large. However, the potential of improving their properties through chemical control of material morphology and relationships between diffusion channels and particle dimensions is poorly understood. Rare reports showed, though, that by tailoring active material particle morphology, it is possible to improve the cycling stability of electrode material [1] . Specifically, it is believed that using highly crystalline nanowires as the redox active component can aid in overcoming this issue of capacity fade as a result of the many advantages associated with such a nanoscale one-dimensional (1D) morphology. These advantages include reduced ion diffusion lengths due to nanoscale dimensions, higher surface area that allows for improved electrolyte penetration and faster charging/discharging times, and superior accommodation of Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11581-018-2715-z) contains supplementary material, which is available to authorized users.
volume change associated with reversible charge-carrying ions insertion/extraction resulting in better mechanical stability and superior cycling behavior [2, 3] .
In order to confirm the benefits associated with a 1D morphology, a material with the same chemical composition must be synthesized with both a nanowire morphology and a morphology different from that of nanowires. This has been done for several anode materials for Li-ion batteries, including Si, Ge, Co 3 O 4 , SnO 2 , and ZnMn 2 O 4 [1, [4] [5] [6] [7] [8] . These materials undergo alloying or conversion reactions with lithium that results in volume changes during electrochemical cycling. Due to the high capacities exhibited by these materials (and thus the large amount of lithium they react with), the volume changes are rather large, with up to 400% expansion observed for Si [1] . A nanowire morphology was found to effectively accommodate the strain associated with such expansion, thereby preventing mechanical fracture of the electrode materials and inhibiting dramatic capacity fade. The superior ability of the nanowires over other morphologies to accommodate such volume expansions was attributed to the small diameters of the nanowires and surrounding available volume between nanowires allowing for facile strain relaxation [1, [4] [5] [6] [7] [8] .
In terms of cathode materials for Li-ion batteries, less work has been focused on the effect of 1D morphology, especially single-crystal nanowires, on electrochemical performance. The scarcity of reports is caused by more complex cathode materials chemical composition, usually requiring three or more elements, resulting in challenges in developing methods for nanowire growth. Polycrystalline nanotubes of LiCoO 2 , LiMn 2 O 4 , and LiNi 0.8 Co 0.2 O 2 have been synthesized via a templating method, and the materials demonstrated higher capacities and better reversibility than their nanocrystalline analogs due to the shortened diffusion lengths associated with the nanotube morphology [9] . Most benefits of 1D morphology, however, are shown by single-crystalline materials [2, 10, 11] . Singlecrystalline nanowires of LiFePO 4 and LiMn 2 O 4 showed superior electrochemical performance over commercially available powders of the same materials, attributed to decreased diffusion distances and improved structural stability enabled by high crystallinity and low defect concentration [12] [13] [14] . However, in these past works on single-crystalline nanowires, the focus was on demonstrating high performance of single crystalline, 1D cathode nanoparticles without a benchmarking study showing the electrochemical properties of materials with the same composition and different morphologies. Combined with the fact that the commercial reference materials were also not fully characterized, a definitive conclusion on the role of the nanowire morphology for cathode materials cannot be made.
Further, the electrochemical performance of intercalation electrodes is strongly affected not only by phase crystallinity, particle size/morphology, and structure/chemistry of the surface but also by electrode thickness, loading, and choice of conductive additive and binder. These parameters are not always specified, making it difficult to compare results from different reports on materials with the same chemistry but different compositions. Additionally, recent advances in nanomaterials for energy storage have allowed for morphological control at the nanoscale, raising a question of the effect of nanoparticle dimensionality, for example, 1D vs two-dimensional (2D), on electrochemical properties. At the same time, the atomic-scale structural features of the nanomaterials often govern their morphology, while for adequate comparison of electrochemical performance, morphologically different nanoparticles need to have the same structure and chemical composition.
One material with the unique ability to be synthesized with 1D and 2D nanoscale morphologies is manganese oxide with todorokite crystal structure (T-MnO 2 ). T-MnO 2 has been previously reported to be electrochemically active in rechargeable Li-ion batteries [15] [16] [17] [18] [19] . The todorokite crystal structure is shown in Figure S1 , and it is built by MnO 6 octahedra that are connected through corners and edges to form spacious 1D structural tunnels, with the tunnel side composed by three edge-sharing MnO 6 units resulting in a length of 6.9 Å. It was shown that other 3 × n octahedra tunnels (n = 3, 4, 5, 6, 7) can exist in this material [17, [20] [21] [22] . This relatively large tunnel opening provides crystallographic volume for electrochemically cycled ions. The tunnel space is partially occupied by stabilizing Mg 2+ ions, and therefore, the nominal chemical formula that describes composition of this material is Mg x MnO 2 .
In this work, we utilized T-MnO 2 as a model material to investigate the effect of 1D and 2D morphologies in intercalation batteries. Because of the reliability of laboratory-scale electrochemical testing approach for Li-ion batteries, we focused our discussion on this system. However, similar trends were observed for Na-ion batteries (Supporting Information). Although cathode materials with higher capacities and superior capacity retention do exist, the focus of this work was not to achieve high performance. Rather, we utilized a material with rapid capacity decay to better understand if superior capacity retention can be achieved through control of material morphology. T-MnO 2 was chosen because it can be synthesized as both nanoplatelets and nanowires by controlling hydrothermal treatment conditions. While previous reports were focused on comparison of the nanowires with micron-sized particles [12, 14] , here, we for the first time compare electrochemical performance of two nanostructured, compositionally similar materials with 2D (nanoplatelets) and 1D (nanowires) morphologies.
Moreover, due to the ability to control morphology by changing synthesis parameters, T-MnO 2 represents an interesting case in which particles with topologically identical atomic structure and morphology (1D tunnels and 1D nanowires) and topologically dissimilar atomic structure and morphology (1D tunnels and 2D nanoplatelets) are produced. This ability allowed us to shed light on the role of dimensionality at various length scales on the electrochemical performance of battery electrode materials. Our results show that the spacious tunnels in T-MnO 2 undergo anisotropic expansion/contraction perpendicular to the longitudinal tunnel direction when Li + ions are inserted/extracted, and the strain and volume change resulting from the repeated insertion/extraction of charge-carrying ions in and out of the tunnels emphasize the effect of morphology on material and electrode stability. The T-MnO 2 nanowires show superior electrochemical capacity and capacity retention compared to nanoplatelets, thus clearly elucidating that creating nanoparticles with topologically similar atomic structure and nanostructure is an efficient strategy that can be used to achieve advanced performance of functional materials.
Materials and methods

Materials synthesis
T-MnO 2 was synthesized following procedures from a previous report [15] . In short, a layered manganese oxide precursor was first synthesized via quick mixing of a 50 mL solution of 0.5 M NaOH (Acros Organics) and 1 M H 2 O 2 (Fisher Scientific, 30 wt%) into 25 mL of a 0.3 M Mn(NO 3 ) 2 (Alfa Aesar) solution. After mixing for 5 min, the solution was allowed to age for 1 h at room temperature. The precipitate (Na-birnessite with layered crystal structure) was then filtered out of solution and washed several times with deionized water. Wet Na-birnessite was then placed in a 1 M MgCl 2 (Sigma Aldrich) aqueous solution in order to exchange Na + ions with Mg 2+ ions. After 24 h of ion exchange, the manganese oxide particles were filtered out and then placed in a fresh solution of MgCl 2 for another 24 h. This process was repeated again for a total of three exchanges, resulting in complete transformation of the Na-birnessite phase into pure layered Mg-buserite. The Mgbuserite was then filtered, washed, and dried in air for 8 h at 70°C. One hundred milligrams of Mg-buserite was then added to 17 mL of 1 M MgCl 2 and placed in a 23-mL Teflon-lined stainless steel autoclave (Parr Instruments). The prepared precursors were hydrothermally treated at various temperatures and lengths of time to synthesize T-MnO 2 with different morphologies. To create nanoplatelets of T-MnO 2 , hydrothermal treatment was performed at 180°C for 24 h, and for T-MnO 2 nanowires synthesis, hydrothermal treatment temperature was elevated to 220°C and time was extended to 96 h, following the previous report [15] . After hydrothermal treatment, all products were filtered, washed, and dried in air at 100°C for 8 h.
Materials characterization
Scanning electron microscope (SEM) images were obtained using a Zeiss Supra 50VP (Germany) SEM, and chemical composition of the T-MnO 2 samples was evaluated using energy dispersive X-ray (EDX) spectroscopy. EDX spectra were taken at a working distance of 12 mm and a beam intensity of 15 keV from multiple 10 μm by 10 μm regions for each sample. The chemical composition of T-MnO 2 nanoplatelets and nanowires was determined by averaging the results of three spectra taken from different locations for each sample. The specific surface areas of the T-MnO 2 nanoplatelets and nanowires were determined via Brunauer-Emmett-Teller (BET) theory on nitrogen sorption measurements made with a Quantachrome Quadrasorb Instrument at 77 K. A Rigaku SmartLab X-ray diffractometer (Japan) with Cu Kα radiation was utilized for powder X-ray diffraction (XRD), with XRD patterns recorded over a range of 5-40°2θ using a step size of 0.02°. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images were recorded in a JEOL JEM-2200FS analytical TEM operated at 200 kV and equipped with a third-order CEOS aberration corrector.
Electrode preparation
Electrodes of T-MnO 2 nanoplatelets and nanowires were fabricated by first creating a homogenous slurry consisting of 70% T-MnO 2 , 20% acetylene black as a conductive additive (Alfa Aesar), and 10% poly(vinylidene fluoride) binder (Kynar) dispersed in 1-methyl-2-pyrrolidinone (Alfa Aesar). This slurry was then coated onto an aluminum foil current collector (Fisher Scientific) using a doctor blade. The casted electrode film was then allowed to dry for 8 h at room temperature, after which 12-mm disc electrodes (active material loading approximately 0.44 mg/cm 2 ) were punched, dried at 100°C under vacuum for 24 h, and then transferred to an Arfilled glovebox (MBRAUN, Germany).
Electrochemical testing
Electrochemical testing of the electrodes was performed in 2032 type coin cells in a half-cell configuration, with the TMnO 2 electrode as the working electrode and lithium metal as the counter and reference electrode. The electrolyte was 1M LiPF 6 in ethylene carbonate and diethyl carbonate (BASF) mixed in a 1:1 ratio, and a polypropylene membrane (Celgard) was used as the separator. Galvanostatic testing of T-MnO 2 with both nanoplatelet and nanowire morphology was performed at a current rate of C/10 in a potential range of 2.0-4.2 V vs Li/Li + using a battery testing station (Arbin Instruments, USA). Rate performance experiments for both materials were performed in the same voltage window at current rates of C/20, C/10, C/2, 1C, and C/20.
Results and discussion (001) and (002) reflections, respectively. Transmission electron microscopy characterization showing the characteristic d-spacing and cross-section of the tunnel structure is shown in Figure S2a and b. A smaller peak at 36°2θ corresponds to a d-spacing of 2.50 Å and the (210) plane. These peaks can be readily indexed to JCPDS #38-475 and agree well with past reports on the synthesis of T-MnO 2 [15, [23] [24] [25] . The XRD patterns of the nanoplatelets and nanowires are nearly identical, indicating that the structure of the two materials is the same.
SEM images of T-MnO 2 nanoplatelets and nanowires are shown in Fig. 2a, b , respectively. The nanoplatelets are particles that are flake-like in nature, with thicknesses of up to 100 nm ( Figure S2c and d) and lateral dimensions ranging from a few hundred nanometers to several microns. Some fibrous particles are present, but the platelets dominate the morphology. This morphology is similar to what has been observed in the past for surfactant free synthesis of T-MnO 2 [26] [27] [28] [29] . Figure 2b shows uniform and highly crystalline TMnO 2 nanowires with diameters of less than 100 nm and lengths of up to several microns. The unbundled nanowires have a clean and well-defined surface.
Analysis of the SEM images revealed that the T-MnO 2 nanowires form from the splitting of the T-MnO 2 nanoplatelets ( Figure S3 ) [15] . The structural tunnel characteristic of TMnO 2 phase is oriented along the length and width of the nanoplatelets at varying angles of either 60°or 120°to each other [17, 20, 21, 24] . TEM images in Fig. 3a, b show a nanoplatelet of T-MnO 2 , with the higher magnification image in Fig. 3b displaying the structural tunnels running parallel to the largest face of the nanoplatelets. A cross-sectional TEM image of a single nanoplatelet is shown in Figure S2c and d, where the nanoplatelet is imaged in the a-c plane and the orientation of the tunnels can be clearly observed. In the T-MnO 2 nanowires, the structural tunnels uniformly run along the nanowire length [15] , as shown in the TEM image in Fig. 3d where the structural tunnels are visible along the longitudinal axis of the nanowire ([010] direction). Orientation of the structural tunnels along the nanowire length is consistent with the nanowires forming from the splitting of the nanoplatelets along the face of the nanoplatelet structure ( Figure S3 ). Representative top view images of a T-MnO 2 nanowire (Fig. 3c) and nanoplatelet (Fig. 3a) indicate the differences between the nanoplatelet lateral dimensions and the nanowire diameter, resulting in different , respectively ( Figure S4 ). Thus, the two morphologies differ in dimensions, but the length and orientation of the structural tunnels that form well-defined diffusion pathways for electrochemically cycled ions are similar in both materials.
The structural tunnels in both types of T-MnO 2 nanoparticles are stabilized by Mg 2+ ions. EDX analysis (Fig. 2c, d Initial discharge/charge curves of T-MnO 2 nanoplatelets and nanowires in L-ion cells at a current rate of C/10 are shown in Fig. 4a, b . Both materials demonstrate intercalation-type battery behavior, with plateaus between 2.5 and 3.0 V corresponding to Li + insertion into and extraction from the crystal structure. The T-MnO 2 nanoplatelets exhibit first discharge and charge capacities of 82 and 77 mAh g , respectively. The experimentally obtained first discharge capacities correspond to 65% and 74% of the theoretical capacity for the nanoplatelets and nanowires, respectively. Lower than theoretical capacities may be the result of the intrinsically low electronic conductivity of manganese oxides limiting the fraction of active material that is utilized during electrochemical reactions. However, the superior fraction of theoretical capacity demonstrated by the nanowires compared to the nanoplatelets can be attributed to the shorter transport distances for electrons in the nanowires and the higher contact area with electrolyte leading to better access of electrochemically cycled ions to the nanowires.
On the second cycle, the T-MnO 2 nanoplatelets and nanowires exhibit discharge capacities of 73 and 121 mAh g the first to the second discharge is observed for materials with both morphologies. This capacity loss was previously attributed to the trapping of Li + ions inserted on the first discharge within the large 3 × 3 octahedra tunnels as well as in the smaller 1 × 1 octahedra tunnels that exist at the corners of connected 3 × 3 tunnels ( Figure S1 ) [15, 17] . in capacity after the first cycle and then demonstrating more stable behavior through approximately 40 cycles. After 40 cycles, the cycling behavior of the two materials becomes much different. The T-MnO 2 nanoplatelets show a rapid capacity decay and retain only 48% through 100 cycles. The T-MnO 2 nanowires, on the other hand, show superior cycling stability, retaining 78% of their initial capacity after 100 cycles. Thus, after 100 cycles, the T-MnO 2 nanowires exhibit a 63 mAh g −1 higher capacity and 30% greater capacity retention than the nanoplatelets, demonstrating the advantages of the 1D morphology for this tunnel-structured material. The capacity retention of the T-MnO 2 nanoplatelets and nanowires in Li-ion batteries is compared to past reports in Table 1 . Although such comparison is difficult to make due to the lack of the experimental parameters in literature, the summary presented in Table 1 allows for an evaluation of performance of the TMnO 2 in Li-ion batteries. Unlike previous reports that showed limited cycling performance of T-MnO 2 electrodes (30 cycles or less), we for the first time present results for 100 cycles. We found that the T-MnO 2 nanowires exhibit superior capacity retention compared to all known past reports for T-MnO 2 in Li-ion batteries, including heat-treated samples and nanoplate microspheres [17-19, 31, 32] . This further demonstrates the advantages of the highly crystalline 1D nanostructures for charge storage properties in the case of the electrode material exhibiting 1D ion diffusion pathways in their atomic structure.
The superior capacity retention of the T-MnO 2 nanowires can be attributed to the morphological and structural features of this material. Electrochemically correlated XRD analysis revealed that repeated intercalation/extraction of the electrochemically cycled Li + ions leads to the expansion/contraction of the T-MnO 2 structural tunnels perpendicular to the tunnel length. Figure 5a shows the XRD patterns of a pristine TMnO 2 nanowire electrode, an electrode discharged to 2.0 V vs. Li/Li + , and an electrode after one complete cycle (discharged to 2.0 V vs. Li/Li + and charged to 4.2 V vs. Li/ Li + ). All XRD reflections remain after both discharging and charging, showing the crystal structure of the material is maintained after Li + ion insertion and extraction. Figure 5b shows the (002) reflection of the T-MnO 2 electrodes in the range of 17.5°to 22.5°2θ. The (002) reflection shifts to a lower 2θ value relative to the pristine electrode after discharge (lithiation), indicating an increase in the (002) d-spacing when lithium is inserted into the structure. Since the spacings in the a and c directions for the todorokite structure are nearly equivalent and the reflections overlap, a decrease in the 2-theta value for the (002) reflection also corresponds to a decrease in 2-theta value for the (200) reflection. Thus, the structural tunnels expand in both the a and c directions across the tunnel face. After charging (delithiation), the (002) reflection shifts back to a lower 2θ value, indicating a contraction across the structural tunnel faces. The ex situ XRD patterns reveal that the structure of the T-MnO 2 nanowires expands and contracts as the material is lithiated and delithiated, respectively. Fig. 4 Galvanostatic discharge/ charge curves in Li-ion cells at a current rate of C/10 for T-MnO 2 with a nanowire morphology and b nanoplatelet morphology; c cycling performance and d capacity retention (in terms of the percent of first discharge capacity) of TMnO 2 with nanoplatelet morphology and nanowire morphology at a current rate of C/10
The smaller dimensions of the nanowires compared to nanoplatelets in the direction of volume change result in better accommodation of stresses that arise due to the reversible cycling of Li + ions. As a result, nanoplatelets may fracture during electrochemical cycling, resulting in partial or full loss of contact with conducting network and/or current collector, thus leading to capacity fade. Hence, although it is well known that nanoscale dimensions are generally advantageous for accommodation of stress associated with ions insertion [2, 3] , here, we find that in the case of tunnel T-MnO 2 phase, the nanowire morphology is superior to that of the nanoplatelets, signifying that for electrochemical stability in rechargeable intercalation batteries, the correlation between atomic structure and nanostructure can play an important role in achieving superior performance.
The rate performance of the T-MnO 2 nanoplatelets and nanowires in Li-ion cells was investigated by testing the two materials at step-wise increased current rates (Fig. 6a) . It was found that the charge storage capability of the T-MnO 2 nanowires is higher than that of nanoplatelets, demonstrating capacities of 133, 125, 95, 81, and 143 mAh g −1 at all current rates used in the experiment (C/20, C/10, C/2, 1C, and C/20, respectively). The T-MnO 2 nanoplatelets exhibited capacities of 93, 82, 69, 58, and 95 mAh g −1 at the same current rates.
The capacity retention, calculated by normalizing the discharge capacity in each cycle by the first discharge capacity (Fig. 6b) , reveals that both the T-MnO 2 nanoplatelets and nanowires maintain a similar amount of the initial capacity when the current rate is increased. The similar capacity retention at high current rates can be ascribed to the comparable ion diffusion distances inside T-MnO 2 structural tunnels in both nanoplatelets and nanowires since the nanowires form through the splitting of nanoplatelets ( Figure S3 ). When the nanoplatelets break into the nanowires, the split occurs parallel to the structural tunnels that run along the lateral dimensions of the nanoplatelet and nanowire length (Fig. 3b, d ). Ion diffusion distances do not change in the transition from nanoplatelet to nanowire, resulting in the similar capacity retention at higher current rates. Moreover, since the nanoparticles with both 1D and 2D morphologies have the same crystal structure, the diffusion coefficient of charge-carrying ions is likely to be similar in the nanoplatelets and nanowires. Therefore, in case of 2D and 1D T-MnO 2 nanostructures, the advantage of the nanowire morphology is in the superior utilization of active material (higher capacity) and superior electrochemical stability (greater capacity retention at a constant current). Moreover, the superior cycling stability is supported by the T-MnO 2 nanowires recovering a greater amount of their initial capacity upon return to the initial current rate of C/20 (Fig. 6b ).
To further demonstrate the effect of the 1D versus 2D nanoscale morphology on electrochemical performance, the TMnO 2 nanoplatelets and nanowires were tested Na-ion batteries ( Figure S5 ). Since Na + ions are larger than Li + ions, the electrochemically induced volume change resulting from the reversible intercalation of charge-carriers is larger in Na-ion batteries ( Figure S6 ), making the ability to accommodate this change more important. Indeed, it is found that in Na-ion batteries, the T-MnO 2 nanowires demonstrate both higher capacities and superior capacity retention compared to the T-MnO 2 nanoplatelets. The T-MnO 2 nanowires exhibit a first discharge capacity of 121 mAh g −1 compared to 102 mAh g −1 for the nanoplatelets. After 100 cycles, the nanowires maintain 38% of their initial capacity, while the nanoplatelets maintain 12%. Such poor cycling stability is attributed to the large size of Na + ions and more substantial unit cell parameters change during cycling compared to that in Li-ion cells (Figures 5 and S6) . Hence, our results show that even in the case of a material rapidly losing capacity over cycling, a strategy of controlling its morphology through tuning chemical synthesis parameters can be a powerful tool to achieve improved performance.
The results shown here establish that T-MnO 2 nanowires demonstrate enhanced electrochemical performance and indicate a favorable relationship between the tunnel crystal structure and nanowire morphology. In addition, many tunnel manganese oxides, including α-MnO 2 , Na-2 × 3, and Na-2 × 4 phases, can be synthesized in the form of single-crystalline nanowires using simple and scalable hydrothermal treatment processes [16, 33] . These materials also contain well-defined, 1D diffusion pathways and can be applied as intercalation hosts in electrochemical energy storage systems based on the reversible insertion/desertion of charge-carrying ions. The superior performance of the T-MnO 2 nanowires in Na-ion batteries demonstrates the advantages of a 1D morphology are also relevant for beyond Li-ion systems, where the reversible cycling of larger ions results in larger volume change of the active materials. For example, a material with a 1D morphology has recently demonstrated high performance in K-ion batteries [34] .
To understand the practical potential to use nanowire electrodes requires investigating electrochemically induced mechanical and structural changes that can lead to capacity loss over extended cycling. Such studies can be done using singlenanowire approaches. Recent advances in microscopy characterization established in situ structure and phase transformation monitoring during intercalation and extraction of Li + and Na + ions in tunnel manganese oxides [35] [36] [37] [38] [39] [40] . Using singlenanowire platform integrated with atomic force microscopy measurements [41, 42] , our current work is focused on the detailed measurement of the changes in mechanical properties of single tunnel manganese oxide nanowires during charge-carrying ions insertion to further understand the relationships between atomic structure and morphology in intercalation electrodes.
Conclusion
T-MnO 2 , a tunnel-structured manganese oxide, was separately synthesized with highly crystalline nanoplatelet and nanowire morphologies using facile hydrothermal methods. The similar chemical composition and identical crystal structure of the TMnO 2 nanoplatelets and T-MnO 2 nanowires, as well as the anisotropic expansion perpendicular to the tunnel direction that the structure undergoes upon ion insertion/extraction, provided a valuable model platform to investigate the effect of nanoscale particle dimensions (1D vs 2D) on reversible charge-carrying ions insertion. The T-MnO 2 with nanowire morphology exhibited a greater initial discharge capacity of 130 mAh g −1 compared to 82 mAh g −1 for the nanoplatelets, as well as superior capacity retention, with 78% of initial capacity remaining after 100 cycles compared to 48% for the material with the nanoplatelet morphology, clearly demonstrating the advantage of the material with 1D morphology compared to 2D morphology for tunnel-structured materials. Although higher performance is desirable for commercial applications, this model system provided distinct evidence that controlling relative topological features at the atomic scale and nanoscale through chemically enabled tuning of nanoparticle morphology can result in improved electrochemical performance. The superior capacity of the T-MnO 2 nanowires is attributed to the larger surface-to-volume ratio resulting in greater contact area with the electrolyte and higher utilization of active material than in the case of nanoplatelets. The greater capacity retention of the T-MnO 2 nanowires is ascribed to the more effective accommodation of volume expansion and contraction perpendicular to the structural tunnels due to repeated insertion and extraction of electrochemically cycled ions in both Li-ion and Na-ion cells. These results demonstrate that capacity retention of the electrode materials in intercalation batteries can be improved through tuning nanoscale morphology and can help guide the design of active materials for intercalation battery systems as well as other electrochemical applications that involve the repeated insertion and deinsertion of charge-carrying ions.
